Introduction
============

The migration capacity allows tumor cells to disseminate from primary tumor to distant organs by entering blood and lymphatic vessels. The survival of circulating tumor cells (CTCs) in the blood stream depends on the immune system defense mechanisms where CTCs are targeted mainly by leukocytes. Moreover, they must resist hemodynamic forces. On the other hand, platelets and monocytes promote tumor cell survival. As CTCs need to attach to blood vessel walls to extravasate, interactions between CTCs and endothelium are of great importance. Activated platelets are known to play a crucial role in such interactions, contributing to CTCs\' adhesion to the endothelium [@B1]. Due to high reactivity of the endothelium and its strong secretory ability, this organ is able to control blood coagulation, platelet activation, vessel repair and cell transmigration through blood vessels [@B2]. Thus, activation loops are established between platelets, tumor cells and the endothelium during metastasis [@B2],[@B3]. This activity of the endothelium is driven by the production of vasoprotective mediators like prostacyclin (PGI~2~), nitric oxide (NO) and carbon monoxide (CO) which typically sustain hemostasis, whereas their downregulation contributes to uncontrolled platelet activation. PGI~2~, the most potent antiplatelet agent, is usually produced by the endothelium along with NO in a coupled manner. PGI~2~ and NO synergistically inhibit platelet aggregation by cAMP and cGMP-dependent mechanisms respectively. It has been recently demonstrated that CO also displays an important anti-platelet activity that complements the action of PGI~2~ and NO [@B4],[@B5].

However, NO has a dual role in the tumor progression and metastasis. It is produced from L-arginine by three NO synthase isoforms: inducible (iNOS), neuronal (nNOS) and endothelial (eNOS) [@B6]. Clinical studies showed that patients with iNOS-positive tumors had significantly lower survival compared to patients with iNOS-negative tumors [@B7]. Furthermore, tumor associated macrophages (TAMs) are known to synthetize NO through iNOS from L-arginine. NO of such origin contributes to TAMs tumorigenic action, thus NO generated by iNOS is one of the crucial factors facilitating tumor progression [@B8]. On the other hand, NO produced by the endothelium is one of the antiplatelet agents which inhibit platelet aggregation [@B9].

Endogenous CO formation is catalyzed by heme oxygenase (HO) that decomposes heme into CO, ferrous iron, and biliverdin [@B10],[@B11]. CO is a signaling molecule that exerts anti-inflammatory, anti-apoptotic and anti-platelet effects [@B12]. It is important that anti-aggregatory effect of CO is relatively low compared to the effect of NO. On the other hand, CO and Fe are two inhibitors of NO generation by iNOS which is upregulated during the metastatic process [@B13]. Moreover, it was demonstrated that endogenously produced NO or CO can stimulate colon cancer cells proliferation, whereas iNOS or HO inhibition, as well as exogenous delivery of NO or CO, suppress the growth of these cells [@B14].

Exogenous NO can be delivered through the specific donors: diazeniumdiolates (also known as "NONOates"). NONOates undergo decomposition spontaneously in a solution under physiological conditions yielding two molar equivalents of NO [@B15]. The half-life of DETA/NO, nitric oxide slow releasing molecule is 21 hours. DETA/NO attenuated the platelet - endothelial cell adhesion response to lipopolysaccharide (LPS), whereas inhibition of soluble guanylate cyclase (sGC) abolished these effects of DETA/NO [@B16]. Another experiment revealed that DETA/NO downregulates endothelial expression of P-selectin, vascular cell adhesion molecule (VCAM-1) and intercellular adhesion molecule (ICAM-1) in mice with the dextran sulfate sodium-induced colitis [@B17]. Moreover, DETA/NO induces cell cycle arrest and apoptotic cell death in the model of human breast cancer MDA-MB-231 [@B18]. Another interesting NO-donor is PAPA/NO. Its half-life is 15 minutes which makes it more suitable for *in vitro* investigation. PAPA/NO revealed strong anti-platelet activity in the experiment of human platelet aggregation on platelet reach plasma [@B4]. Similarly, carbon monoxide releasing molecules (CO-RMs) liberate CO in biological systems under physiological conditions. Only few of them are totally water-soluble, for instance CORM-A1 [@B19]-[@B21]. The anti-platelet action of CO-RMs does not involve sGC activation [@B4], whereas other authors showed that gaseous CO inhibited platelets aggregation through this mechanism [@B22]. It was also observed that CORM-3 downregulated VCAM and E-selectin expression independently of HO-1 upregulation but through inhibition of sustained NF-κB activation [@B23].

Thus, these donors represent promising substances in the antimetastatic approach due to their antiplatelet, anti-aggregative and cytotoxic activity. It has been shown, that exogenous NO and CO act via distinct mechanisms whose complementary action may improve vasoprotection and inhibition of platelets activation [@B5],[@B24]. Recent studies of Stojak et al. have shown that concomitant use of CO and NO donors significantly decreased mitochondrial respiration and glycolysis in cancer and endothelial cells *in vitro*. CO with NO also additively inhibited endothelial-cancer cells interaction [@B25]. To confirm the hypothesis that synergistic interaction between NO and CO donors is possible *in vivo*, we have chosen a model of mouse mammary gland carcinoma implanted intravenously (4T1-luc2-tdTomato) or orthotopically (4T1). We have also evaluated the effect of a combination of NO and CO donors on the aggregation of platelets obtained from breast cancer patients. In addition, to assess the possible direct effect of NO and CO donors on cancer cells, we have evaluated their proliferative, adhesive and migration potential *in vitro* after treatment with NO and CO donors.

Materials and methods
=====================

Compounds
---------

Nitric oxide donors DETA/NO and PAPA/NO (both from Cayman Chemical, Michigan, USA) and water-soluble carbon monoxide-releasing molecule CORM-A1 (Sigma-Aldrich, Saint Louis, USA) were used as exogenous source of NO and CO. DETA/NO, as a slow releasing molecule, was applied in *in vivo* experiments, while PAPA/NO was investigated *in vitro* due to its short half-life. CORM-A1 was used both in *in vivo* and *in vitro* assays.

Mice
----

In this study, we used 7/8-week-old BALB/c female mice purchased from the Center of Experimental Medicine, Medical University of Bialystok, Poland. Experimental procedures were conducted according to the *Interdisciplinary Principles and Guidelines for the Use of Animals in Research, Marketing and Education* issued by the New York Academy of Sciences\' Ad Hoc Committee on Animal Research, and Directive 2010/63/UE of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes. All experiments were approved by the Local Committee for Experiments with the Use of Laboratory Animals, Wroclaw, Poland (permission numbers: 46/2013, 78/2015, 63/2016, 23/2017, and 109/2018).

Cells
-----

4T1-luc2-tdTomato cell line expressing the firefly luciferase gene and tdTomato fluorescent protein (Caliper Life Sciences Inc., USA) was cultured in RPMI 1640 medium (HIIET, Wroclaw, Poland) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, Chemie GmbH, Steinheim, Germany). Mouse 4T1 mammary adenocarcinoma and human MDA-MB-231 breast cancer cell lines were obtained from the American Type Culture Collection (ATCC, USA). Cells were cultured in RPMI 1640 + HEPES (HIIET, Wroclaw, Poland) medium with 10% FBS (HyClone, Thermo Fisher Scientific Inc., UK or Sigma-Aldrich, Chemie GmbH, Steinheim, Germany, respectively). All culture media were supplemented with 2 mM glutamine (Sigma-Aldrich, Germany), 100 U/ml penicillin and 100 µg/ml streptomycin (both from Polfa Tarchomin S.A. Warsaw, Poland). Cell cultures were maintained at 37°C in a humidified atmosphere with 5% CO~2~.

For the model of experimental metastasis (intravenous; i.v.) cells were suspended in Hank\'s Balanced Salt Solution (HBSS; HIIET, Wroclaw, Poland) and 7.5×10^4^ 4T1-luc2-tdTomato cells were injected into the tail vein. For the model of spontaneous metastasis (orthotopic), 1×10^4^ 4T1 cells were inoculated into the mammary fat pad [@B26]. In all experiments the day of cell inoculation is determined as day "0".

The course of experiments
-------------------------

*Administration of CO and NO donors.* CORM-A1 and DETA/NO were administered intraperitoneally (i.p.) with CORM-A1 administered every 12 h and DETA/NO every 24 h. We used two different dosages of the compounds with different molar ratio of CORM-A1 to DETA/NO:

1\. 0.5 mg/kg/12 h CORM-A1 and 1.570 mg/kg/24 h DETA/NO (molar ratio 1:1)

2\. 1.5 mg/kg/12 h CORM-A1 and 2.358 mg/kg/24 h DETA/NO (molar ratio 1:0.5)

The doses of CORM-A1 based on previously described results showing the effective platelet aggregation inhibition after the use of 3 or 1 mg/kg/24 h of CORM-A1 [@B27]. Under physiological conditions, the immediate production of endogenous NO by the vascular endothelium may be aggravated by various factors; on the other hand, small amounts of CO are released constantly during the heme oxygenases (HO-1 and HO-2) mediated heme degradation. Therefore, as suggested by Chlopicki et al., in order to effectively imitate the physiological properties of CO, its slow but continuous release is required [@B4]. Hence, considering the half-life of CORM-A1 (21 min) [@B20], the 12 h administration schedule was selected. DETA/NO with long half-life (21 h) [@B28] was administered every 24 h as the molar equivalent or half lower dose compared to CORM-A1.

*Experimental and spontaneous models of metastasis.* To properly mimic the metastasis process, we used several different models of experimental as well as spontaneous metastases. The orthotopic (spontaneous) model gives a wide view of the metastasis cascade, while the experimental one allows to assess the ability of cancer cells to survive in the circulation, arrest, extravasate and growth in a specific organ (in the case of the tail vein model - in the lungs) [@B29]. Using divergent metastasis models we could verify which steps of metastatic cascade are affected the most by the treatment and also how important are tumor-derived factors in modulation of the response to treatment used. Orthotopic 4T1 cancer progression is accompanied by large inflammatory response of the body [@B30]. LPS-induced 4T1 experimental metastases are effectively inhibited by NO synthase inhibitor *N*-methyl‐L‐arginine (NMA) what was not observed without LPS injection [@B31]. Therefore, to model the systemic inflammation in selected intravenous models, mice were injected i.p. with 1 mg/kg of LPS (*Salmonella typhosa*; Sigma-Aldrich, Saint Louis, USA) five hours before cell inoculation.

The steps of intravenous experiments are presented in Scheme [1](#SC1){ref-type="fig"}A and Figure [1](#F1){ref-type="fig"}A. In the model of intravenous cells inoculation mice were observed for 24 h (model of extravasation) or 14 days (model of lung settlement); in the orthotopic model (spontaneous metastasis) for 14, 21 and 28 days (Scheme [1](#SC1){ref-type="fig"}B). Lungs, hearts and blood were harvested. In the orthotopic model tumors and aortas were collected additionally.

Tumor growth measurement
------------------------

Maximum length and width of tumors were measured three times a week. Tumor volume was calculated according to the following formula:

where*TV* - tumor volume; *a* - shorter diameter; *b* - longer diameter.

Anti-metastatic effect evaluation
---------------------------------

Lungs were excised and fixed in 4% solution of phosphate buffered formalin and metastatic foci were counted visually. In the 24-h model of experimental metastasis, *ex vivo* visualizations of the metastatic foci localized in lungs were performed using an *In vivo* MS FX PRO system (Carestream Health INC., USA). Images were analyzed with Carestream MI SE software (Carestream Health INC., USA) as previously described [@B32]. The intensity of the fluorescent signal is presented as the mean intensity of the region of interest and is expressed in arbitrary units \[a.u.\].

Tumor blood perfusion analysis
------------------------------

Tumor perfusion analysis was performed using the Vevo 2100 ultrasound imaging system (VisualSonics, Ontario, Canada) on day 24 of the experiment. Marker for real-time observation of tumor blood perfusion was prepared by dissolving a vial containing MicroMarkerTM Contrast Agent (VisualSonics, Ontario, Canada) in 1 ml of sterile 0.9% saline (HIIET, Wroclaw, Poland). Mice were subjected to general anesthesia by intraperitoneal injection of medetomidine (0.5 mg/kg) and a continuous administration of 2-3% isoflurane (Baxter, Deerfield, Germany) in synthetic air (200 ml/min). Immobilized animals in anesthetic state were placed on the treatment table so that their position would allow the imaging of the central cross-section of the tumor tissue. The examination was carried out with the aid of ultrasound head with the 13-24 MHz frequency of emitted ultrasonic waves (MS250, VisualSonics, Ontario, Canada). 50 μl of the contrast medium was administered i.v. and at this time point recording of the image started and continued until the tissue was filled with contrast. Once imaging was complete, mice were awakened by intraperitoneal injection of atipam (1 mg/kg). Data analysis was performed using the Vevo LAB 1.7.1 Software (VisualSonics, Ontario, Canada).

Analysis of blood morphological parameters and platelet activation
------------------------------------------------------------------

Blood samples were analyzed using the Mythic 18 hematology analyzer (PZ Cormay S.A., Lomianki, Poland). Next, blood samples were centrifuged at 4°C, 15 min, 2000×g to obtain the plasma, which was subsequently stored at -80°C and used for further investigations.

10 μl of whole blood was diluted in 1 ml of Tyrode buffer (HIIET, Wroclaw, Poland) mixed with 50 μl of TBS (HIIET, Wroclaw, Poland). Diluted blood was centrifuged at 900×g, 5 min, (RT). Pellets were suspended in 1 ml of Tyrode buffer and CaCl~2~ was added to the final concentration of 1 mM. Washed samples at the volume of 100 μl were incubated with 1 μl of antibodies: DyLight649-labeled anti-mouse CD41/61, PE-labeled anti-mouse GPIIbIIIa (CD41/61) JON/A, PE-labeled anti-mouse GPIbα (CD42b), PE-labeled anti-mouse P-selectin (CD62P), FITC-labeled anti-mouse vWf, FITC-labeled anti-mouse fibrinogen (EMFRET Analytics GmbH Co. KG, Eibelstadt, Germany). After incubation, samples were centrifuged and diluted in PBS. LSR Fortessa cytometer and FACSDiva software (BD Bosciences, San Jose, USA) were used for data analysis.

Protein expression
------------------

The analysis of protein expression was carried out on the tumor, lung, aorta and heart lysates using western blot method or by ELISA test on tissue lysates and plasma. Lysate preparation was performed as previously described in Fast Prep®-24 MP Bio homogenizer (MP Biomedicals LLC., Santa Ana, USA) using RIPA buffer with phosphatase and protease inhibitor cocktail [@B26],[@B33]. Protein concentration was determined by Bradford dye-binding method.

Western-blot analysis was performed as previously described [@B26],[@B33]. Membranes were blocked and incubated with antibodies solutions (1:1,000) overnight at 4°C. The list of antibodies used: (1) rabbit polyclonal antibodies anti-E-cadherin and anti-N-cadherin (Proteintech Group Inc., Chicago, USA); (2) rabbit polyclonal antibody anti-α-SMA (Abcam, Cambrige, UK); (3) rabbit monoclonal antibodies anti-VASP, anti-PKG-1α and rabbit polyclonal antibodies anti-Phospho-VASP and anti-HO-1 (Cell Signaling Technology, Warsaw, Poland). The next day membranes incubated with anti-E-cadherin, anti-N-cadherin and anti-α-SMA antibodies (group A) were washed three times for 10 min with PBST while membranes incubated with anti-VASP, anti-PKG-1α, anti-Phospho-VASP and anti-HO-1 (group B) were washed three times for 5 min in TBST, followed by incubation with a solution of an anti-rabbit IgG-HRP secondary antibody \[1:10,000; Santa Cruz Biotechnology, Dallas, USA (group A) or 1:1,000 Sigma-Aldrich, Warsaw, Poland (group B)\] at RT for 1 h. Signal detection was performed using ECL method. The chemiluminescence reading was performed using the Image Station 4000MM PRO or GelLogic 1500 gel system (both from Carestream, Rochester, USA). The membranes from the group A were washed three times for 10 min with PBST after reading, and then incubated for 1 h (RT) with an anti-β-actin-HRP monoclonal antibody (1:1,000; Santa Cruz Biot., Dallas, USA; group A). Then, the membranes were processed as described above. The membranes from the group B were washed three times for 5 min with TBST followed by 1 h (RT) incubation with mouse monoclonal anti-β-actin antibody (1:5,000; Cell Signaling Technology, Warsaw, Poland). Membranes were washed three times for 5 min with TBST and incubated for 1 h (37°C) with anti-mouse-HRP monoclonal antibodies (1:2,500, Fitzgerald, Acton, USA). After washing signal was developed as previously described. Densitometric analysis was performed using the Carestream MI Software 5.0.6.20 (Carestream, Rochester, USA) and the chemiluminescence intensity results of examined proteins were presented in relation to those obtained for β-actin or for the heart lysates samples in relation to the total protein content determined after Coomassie staining of the gels.

ELISA tests were performed according to the producer\'s protocols. The result of the analysis was read using the Synergy H4 universal plate reader (Bio-Tek Instruments Inc., Winooski, USA), measuring the optical density of the solutions at 450 nm. Standard curve was prepared and used to determine the concentration of the tested proteins. ELISA kits for the detection of TXB~2~, vWf, P-selectin, E-selectin, TGF-β, ICAM, VCAM, 6-keto-PGF1α, iNOS, COX-2 were purchased from Elabscience, Houston, USA. Kits for detection of VEGF and myeloperoxidase (MPO) were acquired from Thermo Fisher Scientific, Waltham, USA or R&D SYSTEMS, Minneapolis, USA. ET-1 detection was performed using ELISA from Elabscience, Houston, USA or R&D SYSTEMS, Minneapolis, USA.

Spectrophotometric determination of carboxyhemoglobin content
-------------------------------------------------------------

Previously described method of carboxyhemoglobin blood level analysis by Beutler and West was applied [@B34]. Briefly, freshly obtained whole blood samples were lysed with 10 mM potassium phosphate buffer (PB; pH 6.85). After 10 minutes incubation at RT, samples were mixed with sodium hydrosulfite solution (1.25 mg/ml in 100 mM PB; pH 6.85) and followed by 15 minutes incubation (RT). The spectral analysis was performed on Biotek Synergy H4 Hybrid Reader. Each sample was analyzed in duplicate. The calibration curve was prepared using blood samples from healthy mice followed by samples carbon monoxide saturation. The absorbance ratio at 420 and 432 nm was used to calculate the carboxyhemoglobin fraction in the samples.

Spectrophotometric determination of lipid peroxidation (MDA)
------------------------------------------------------------

We used widely recognized thiobarbituric acid (TBA)-based method, adapted for 384-well plate format [@B35]. 50 µl of heart or lung homogenate was mixed with 50 µL of 10% (*w/v*) trichloroacetic acid aqueous solution. After 15 min incubation (RT) the samples were centrifuged (15 min, 10,000×g, 4°C). The collected supernatant was mixed with 0.67% (*w/v*) TBA solution and heated for 45 minutes (100°C). After cooling to room temperature, the samples were pipetted on a 384-well plate and the absorbance was read at 532 nm. Malonodialdehyde (MDA)-TBA adduct concentration was calculated based on its absorbance coefficient (155 mM^-1^ cm^-1^) and was normalized to a total protein concentration in a sample.

Spectroscopic determination of nitrite ions in plasma
-----------------------------------------------------

Griess diazotization reaction-based test, adapted for 384-well plates format was applied [@B36]. Briefly, plasma samples (20 µl) were transferred to 384-well plate and 80 µl of Griess reagent was added (Sigma-Aldrich, Germany). After 15 minutes incubation in the dark (RT) nitrite concentration was calculated using the sodium nitrite standard curve (raw absorbance values measured at 530 nm were corrected by 640 nm absorbance subtraction).

Plasma analysis of liver, kidney and heart specific enzymes
-----------------------------------------------------------

Alanine aminotransferase (ALT), aspartate aminotransferase (AST), urea (URE), creatinine (CRE2), creatinine kinase (CK) and creatinine kinase MB isoform (CK-MB) were measured in plasma samples in Cobas C 111 analyzer (Roche Diagnostics, Switzerland) using reagents and procedures provided by the manufacturer.

Immunohistochemical analyses of aorta endothelium
-------------------------------------------------

Aortas were harvested from mice on day 21 of the experiment (Scheme [1](#SC1){ref-type="fig"}B) and analyzed using standard methods. Briefly, aorta slides were stained with anti-eNOS and anti-VCAM rabbit antibodies (Abcam, Cambrige, UK), counterstained with hematoxylin and analyzed under Olympus BX53 microscope (Olympus, Tokyo, Japan) using immunoreactive score (IRS) taking into account the percentage of stained cells and the intensity of reaction product [@B26],[@B37].

*In vitro* experiments
----------------------

To assess the direct effect of the combination of CO and NO donors on tumor cells, *in vitro* studies were carried out using mouse 4T1 as well as human MDA-MB-231 mammary gland cancer cells (triple negative breast cancer cell lines).

*Proliferation inhibition.* Investigation of inhibition of tumor cell proliferation was carried out using SRB method as previously described [@B38]. Cell proliferation was evaluated after 72 h of incubation and determination of the IC~50~ parameter (i.e. the concentration of the compound that inhibits cell proliferation at 50%) was performed.

*Fibronectin cell adhesion assay.* 96-well Nunc-Immuno™ MicroWell™ solid plate was coated with 10 µg/ml of fibronectin from bovine plasma (Sigma-Aldrich, Saint Louis, USA) dissolved in PBS (HIIET, Wroclaw, Poland), then incubated at 4°C for 24 h. Next, the plate was blocked with 1% BSA (Sigma-Aldrich, Saint Louis, USA) in TSM buffer (HIIET, Wroclaw, Poland) for 30 min at 37°C. At the same time, cells were dissociated with non-enzymatic cell dissociation solution (Sigma-Aldrich, Saint Louis, USA) and suspended in TSM buffer. Then, the cells were pre-incubated with 10, 30, 50 and 100 µM solutions of CORM-A1 and PAPA/NO for 20 min at 37°C. Afterwards, the cells were seeded in the pre-coated plate at the density of 50×10^3^ cells per well, followed by the incubation for 1 h. Adhered cells were fixed with the 200 µl of 96% ethanol and incubated at room temperature for 10 min. The cells were stained with 0.2% (w/v) crystal violet (2% crystal violet solution, GEMI P.P.F., Karczew, Poland) and dissolved in methanol (Avantor, Gliwice, Poland). The plate was incubated for 30 min at 4°C. Absorbance was measured at 570 nm using a Synergy H4 universal reader and GEN 5 software (both from Bio-Tek Instruments Inc., Winooski, USA). Experiments were performed in triplicate and repeated three times. The mean inhibition of cancer cells adhesion to fibronectin was calculated based on the following formula: A=100×(As/Ac), where A - cell adhesion (%), As - value of the absorbance measured for cells treated with test substances, Ac - value of the absorbance measured for untreated cells.

*Cell Migration Assay.* Cell migration was assayed in 24-well plates, on 6.5 mm Transwell® with 8.0 µm Pore Polycarbonate Membrane Inserts (Corning Inc., New York, USA) coated with 10 µg/ml of fibronectin from bovine plasma (Sigma-Aldrich, Saint Louis, USA). 7×10^3^ MDA-MB-231 or 2×10^4^ 4T1 cells/insert suspended in DMEM (Thermo Fisher Scientific, Waltham, USA) without FBS were added to the apical chamber at the volume of 150 µl with the solution of tested compounds at the concentration of 5, 10, 50, 100 µM. DMEM with 10% FBS (Sigma-Aldrich, Saint Louis, USA) was added to the bottom chamber at the volume of 0.5 ml as a chemoattractant. After 10 h of incubation, cells on the upper surfaces of the inserts were removed by wiping with a cotton swab. Migrated cells on the undersides of the insert membranes were fixed and stained using Diff-Quick Stain kit (Medion Diagnostics, Miami, USA). Staining was performed according to the manufacturer\'s protocols. The number of cells on the lower face of the filter was counted in the whole space of insert membrane using Olympus CKX 41 microscope (Olympus, Tokyo, Japan). The mean inhibition of cell migration was evaluated on the basis of the % of migrated cells using the following formula: M=100×(Ms/Mc), where M - migrated cells (%); Ms - the number of migrated cells in treated samples; Mc - the number of migrated cells in the control group.

*Ex vivo* experiments on platelets obtained from breast cancer patients
-----------------------------------------------------------------------

48 breast cancer patients diagnosed from July to October 2017 at Lower Silesian Oncology Center (Wroclaw, Poland) and 14 healthy donors were included into the study. Blood was collected on 3.2% buffered sodium citrate (BD Biosciences, San Jose, USA). The patients were divided into three groups according to the breast cancer stage: 27 patients without metastasis, 13 patients with lymph node metastasis and 8 patients with distant metastasis. Studies were carried out in line with the ethical standards of the national and institutional research committee and with the latest version of the 1964 Helsinki Declaration. The study protocol was approved by the local Institutional Review Board, Wroclaw, Poland (permission numbers 71/2017 and 286/2017). Informed consent was obtained from every study participant.

*Platelets aggregation analysis.* Platelet-rich plasma (PRP) was obtained by centrifugation of blood (150×*g*/15 min) and supernatant was harvested for further investigation. To obtain platelet poor plasma (PPP), the remaining blood was centrifuged at 2,000×g for 15 min. The number of platelets in PRP was counted (Mythic 18; PZ Cormay S.A., Lomianki, Poland). The final concentration of platelets used was 180×10^3^ platelets/µl. PRP samples were incubated with CORM-A1 and DETA/NO or PAPA/NO (100 µM) for 15 min at 37°C in a humidified atmosphere with 5% CO~2~. Aggregation of platelets in PRP was induced with collagen (1 µg/ml) at 37°C and estimated using optical method measuring light transmission (Chrono-Log Model 700 Agregometer; Crono-Log, Havertown, USA). PPP was used as optical control of 100% of light transmission, whereas PRP alone was considered 0% of light transmission.

*Assessment of platelets activation.* Seven samples from the group of patients with lymph node metastasis and with distant metastasis were obtained for analysis. Six samples of blood from healthy donors were used as a control. PRP was obtained as described above and incubated with 100 µM of CORM-A1 and PAPA/NO and their combination at 37°C in a humidified atmosphere with 5% CO~2~ for 15 min. Then, samples were centrifuged (2,000×g for 15 min) to obtain PPP which was used for further analysis. Platelet activation was estimated by quantitative evaluation of TGF-β and TXB~2~ concentration in the obtained PPP by ELISA (Elabscience, Houston, USA).

Statistical analysis
--------------------

Statistical analysis was carried out using the GraphPad Prism 7.1 software. The Shapiro-Wilk data normality test was used for analysis of data distribution. Specific tests used for data analysis have been presented in the figure legends. Differences between groups for which *p* \<0.05 were considered statistically significant.

Results
=======

Low doses of CORM-A1 combined with DETA/NO inhibit experimental lung metastasis in mice with induced endothelial dysfunction
----------------------------------------------------------------------------------------------------------------------------

Using intravenous model of experimental metastasis and different scheme and dosages of treatment (Figure [1](#F1){ref-type="fig"}A, Scheme [1](#SC1){ref-type="fig"}A) we have demonstrated the antimetastatic effect of DETA/NO combined with CORM-A1 in mice with induced endothelial dysfunction (pretreatment with LPS) and treated with lower doses of both compounds (Figure [1](#F1){ref-type="fig"}B, first column). Endothelin-1 (ET-1) level was significantly reduced in the combined treatment group (Figure [1](#F1){ref-type="fig"}C), whereas platelet activation parameters were not affected (Figure [1](#F1){ref-type="fig"}D and E, first column).

Higher doses of compounds (second column of Figure [1](#F1){ref-type="fig"}) have led to the stimulation of lung settlement by cancer cells in the combined treatment group (Figure [1](#F1){ref-type="fig"}B). ET-1 level was diminished only by DETA/NO treatment, i.e. in the group of mice with a tendency to decrease lung metastasis (Figure [1](#F1){ref-type="fig"}C). Moreover, CD42b on the surface of platelets in mice treated with a higher dose of DETA/NO was increased (Figure [1](#F1){ref-type="fig"}D, second column). The same dosages of compounds did not affect the cells extravasation measured 24 h after the cell inoculation (Figure [1](#F1){ref-type="fig"}, last column). Nevertheless, diminution of ET-1 and increase of CD42b on platelets were observed in mice treated with DETA/NO (Figure [1](#F1){ref-type="fig"}C, last column). In this short-term experiment 3 mg/kg/day of CORM-A1 reduced the percentage of P-selectin positive platelets (Figure [1](#F1){ref-type="fig"} E, last column). Only DETA/NO significantly reduced lung foci formation in mice not pretreated with LPS after 14 days of cells inoculation (Figure [1](#F1){ref-type="fig"} B, third column). The plasma level of ET-1 was not affected in these mice as a result of the treatments used (Figure [1](#F1){ref-type="fig"}C). However, significant decrease of CD42b and P-selectin positive platelets was observed in the combined treatment group (Figure [1](#F1){ref-type="fig"}D and E third column).

High doses of CORM-A1 combined with DETA/NO decrease total and phosphorylated VASP protein level
------------------------------------------------------------------------------------------------

Western blot analysis of lung tissue harvested from mice with induced endothelial dysfunction (pretreated with LPS) and treated with lower (L) and higher (H) doses of CORM-A1 and DETA/NO revealed that in combination therapy group treated with higher doses, significant decrease of vasodilator-stimulated phosphoprotein (VASP) (Figure [2](#F2){ref-type="fig"}A) and VASP phosphorylated at Ser-239 (pVASP^Ser239^) (Figure [2](#F2){ref-type="fig"}B) level was noticed. Moreover, the level of pVASP^Ser239^ in CO+NO group treated with higher doses of donors was significantly diminished as compared to group of mice treated with lower doses of tested compounds (Figure [2](#F2){ref-type="fig"}B). The ratio of pVASP^Ser239^/VASP was the lowest among all groups in mice treated with higher doses of CO+NO, but the results were not statistically significant (Figure [2](#F2){ref-type="fig"}C). cGMP-dependent protein kinase (PKG) level was not affected by the treatments used (Figure [2](#F2){ref-type="fig"}F). HO-1 measured in lung tissue was increased significantly after treatment with higher dose of CORM-A1 (Figure [2](#F2){ref-type="fig"}G). All these proteins level in mice hearts did not change regardless of the type of treatment (Figure [S1](#SM0){ref-type="supplementary-material"}).

VEGF and myeloperoxidase (MPO) level measured in plasma, lung and heart tissues as well as lipids peroxidation (malondialdehyde; MDA level) measured in lung and heart tissues did not change significantly between treated and control mice (Figure [S2](#SM0){ref-type="supplementary-material"}).

The plasma level of nitrite was diminished in mice treated with higher dose of CORM-A1, both doses of DETA/NO and both doses of combined treatment. Combined treatment with lower doses of compounds also significantly diminished nitrite plasma level as compared to both donors used alone (Figure [3](#F3){ref-type="fig"}A). Carboxyhemoglobin level was not affected significantly by the treatment (Figure [3](#F3){ref-type="fig"}B). The combined use of higher doses of compounds significantly affected plasma level of selected enzymes related to the function of liver and kidney; decrease of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and urea (URE) (Figure [3](#F3){ref-type="fig"}C, 3D and 3F), and increase of creatinine (CRE) (Figure [3](#F3){ref-type="fig"}E) were noticed. Creatinine kinase (CK) was elevated after combined treatment with lower dose of compounds (Figure [3](#F3){ref-type="fig"}G). Cardiac MB isoform of CK (CK-MB) was also significantly increased in mice treated with lower dose compounds combination whereas high-dose treatment acts oppositely (Figure [3](#F3){ref-type="fig"}H).

CORM-A1 combined with DETA/NO inhibits lung metastasis in 4T1 orthotopic model and improves tumor blood perfusion
-----------------------------------------------------------------------------------------------------------------

Lung metastatic foci formation was diminished in mice treated with the combination of CO and NO donor, but this effect was only temporarily observed on day 21 (Figure [4](#F4){ref-type="fig"}A). Primary tumor growth was not affected by the treatments used (Figure [S3](#SM0){ref-type="supplementary-material"}), but blood perfusion measured as a wash-in rate (WIR) parameter increased in tumor tissue obtained from mice treated with both compounds alone and in combination. On the other hand, CO and NO donors used concurrently did not affect wash-in perfusion index (WIPI), while this parameter increased significantly when they were used alone (Figure [4](#F4){ref-type="fig"}B). The level of vascular endothelial growth factor (VEGF) in tumor tissue was not affected by the compounds used (Figure [S4](#SM0){ref-type="supplementary-material"}A). The plasma level of VEGF was significantly decreased by CO+NO combined treatment on day 14. On the next days of tumor progression its level was similar to that observed in control tumor bearing or healthy mice (Figure [4](#F4){ref-type="fig"}D).

Tumor tissue was also evaluated for the level of ET-1, COX-2, TGF-β and iNOS. iNOS tumor tissue level increased on day 21 in all mice but was not changed by treatment regimens used (Figure [S4](#SM0){ref-type="supplementary-material"}B). ET-1 tumor level was diminished by combined therapy on day 21 and in all treated mice on day 28 (Figure [4](#F4){ref-type="fig"}E). The tendency to decrease COX-2 level was observed on day 28 in mice treated with CO and NO donors used alone or in combination, but this effect was significantly lower in the combination group (Figure [4](#F4){ref-type="fig"}E). TGF-β decrease was noticed on day 14 in all treated groups (Figure [4](#F4){ref-type="fig"}E).

Combined treatment with CORM-A1 and DETA/NO affects the plasma level of molecules involved in endothelium dysfunction and platelets activation
----------------------------------------------------------------------------------------------------------------------------------------------

The level of ET-1 was the lowest in CO+NO group on day 14 and 21 (Figure [5](#F5){ref-type="fig"}A). Only DETA/NO significantly increased the plasma level of PGI~2~ metabolite on day 21 (Figure [5](#F5){ref-type="fig"}B). TGF-β level was significantly increased by CORM-A1 alone on day 21 and decreased on day 28 as compared to control mice. Combined treatment acted oppositely on these two days, first (day 21) decreasing and next (day 28) increasing TGF-β compared to CORM-A1 (Figure [5](#F5){ref-type="fig"}C). sVCAM and sICAM plasma level was significantly increased in mice treated with a combination of CO and NO donors on day 28. However, on days 14 and 21 sICAM level was the lowest in combined treatment groups (Figure [5](#F5){ref-type="fig"}D, 5E). Combined treatment decreased the level of sE-selectin particularly on day 14 and 21 (Figure [5](#F5){ref-type="fig"}F). TXB~2~ was increased and sP-selectin was decreased by compounds used in combination therapy on day 14 (Figure [5](#F5){ref-type="fig"}G, 5H). VWf plasma level was diminished only by DETA/NO on day 21 (Figure [5](#F5){ref-type="fig"}I).

We also performed the immunohistochemical analysis of endothelium in the aorta. eNOS level was increased by DETA/NO used alone and combined with CORM-A1. CORM-A1 alone did not influence eNOS level (Figure [S5](#SM0){ref-type="supplementary-material"}A, S5C). All treatments used (compounds alone or combined) decreased the level of VCAM positive endothelial cells, but only compounds used alone did so in a statistically significant manner (Figure [S5](#SM0){ref-type="supplementary-material"}B, S5D).

Prolonged CORM-A1 and DETA/NO combination therapy decrease total and phosphorylated VASP protein level in aorta but increase pVASP^Ser239^/VASP ratio
-----------------------------------------------------------------------------------------------------------------------------------------------------

VASP and pVASP^Ser239^ level in aortas harvested from mice on day 28 of the experiment was significantly diminished in combined treatment group, however the ratio of pVASP^Ser239^/VASP was significantly increased as compared to control tumor-bearing mice (Figure [6](#F6){ref-type="fig"}A-C). PKG and HO-1 level did not change in treated mice as compared to control tumor-bearing mice (Figure [6](#F6){ref-type="fig"}F, 6G).

Combination therapy with CORM-A1 and DETA/NO decreased epithelial to mesenchymal transition of 4T1 tumor cells
--------------------------------------------------------------------------------------------------------------

Significant increase of E-cadherin expression in tumor tissue obtained from mice treated with the combination of CO with NO donor was observed, particularly on day 21; it was accompanied by decreased expression of N-cadherin in tumor tissue (Figure [7](#F7){ref-type="fig"}A and [7](#F7){ref-type="fig"}C). This modulation of E- and N-cadherin levels led to a significant increase in E:N-cadherin ratio on day 21 and 28 in the combination treatment group (Figure [7](#F7){ref-type="fig"}E). α-SMA tumor tissue level was increased on day 21, but significantly decreased on day 28 in mice treated concurrently with CORM-A1 and DETA/NO (Figure [7](#F7){ref-type="fig"}F).

Decrease of platelets activation at the start of tumor progression and increase at the later stages by CORM-A1 combined with DETA/NO treatment
----------------------------------------------------------------------------------------------------------------------------------------------

Markers of platelets activation measured on resting platelets on day 14 (Figure [8](#F8){ref-type="fig"}) indicated decreased activation in the combined treatment group as compared to control tumor bearing mice: increase of CD42b (Figure [8](#F8){ref-type="fig"}A) and decrease of fibrinogen (Figure [8](#F8){ref-type="fig"}B) and vWf bond (Figure [8](#F8){ref-type="fig"}C). On day 21 a similar tendency was observed for P-selectin (Figure [8](#F8){ref-type="fig"}D), however CORM-A1 used alone and combined with DETA/NO increased it. Moreover, vWf bond on platelets on day 21 has a tendency to increase in the combined treatment group, which was significant on day 28. Also, P-selectin, fibrinogen and active CD41/61 (JON/A antibody, Figure [8](#F8){ref-type="fig"}E) increased significantly on platelets but CD42b was significantly decreased on day 28 in mice treated with a combination of CORM-A1 and DETA/NO.

Decreased platelets aggregation and TGF-β release after *ex vivo* treatment with CORM-A1 combined with DETA/NO or PAPA/NO
-------------------------------------------------------------------------------------------------------------------------

CORM-A1 used alone did not significantly affect aggregation of platelets collected from breast cancer patients or from healthy donors. DETA/NO used alone or combined with CORM-A1 significantly decreased platelets aggregation. The combination of CO and NO donor tends to decrease platelet aggregation more intensively than DETA/NO used alone but only in healthy donors and in breast cancer patients with lymph node metastasis (Figure [9](#F9){ref-type="fig"}A). Figure [6](#F6){ref-type="fig"}B shows an example graph of platelet aggregation in PRP from a patient with metastatic cancer. The fastest process of platelet aggregation was observed in control group where the aggregation was 100% in six minutes. The maximal platelet aggregation after CORM-A1 incubation was 80% in five minutes. DETA/NO group reached the peak of platelet aggregation (70%) within six minutes. The combination of NO + CO had the strongest inhibitory effect on platelet aggregation for which only 10% aggregation was observed after 11 minutes. Figure [9](#F9){ref-type="fig"}C shows data for platelets aggregation only after incubation with PAPA/NO alone or combined with CORM-A1. All aggregation values shown in Figure [9](#F9){ref-type="fig"}C were significantly lower as compared to control platelets and platelets incubated with CORM/A1 (Figure [9](#F9){ref-type="fig"}A). The effect of PAPA/NO was increased by CORM-A1, and this tendency was highest for platelets from breast cancer patients without metastasis. However, the highest anti-aggregative effect of CORM-A1+PAPA/NO was observed for platelets obtained from breast cancer patients with lymph node metastasis (Figure [9](#F9){ref-type="fig"}C).

Platelets derived from patients with distant metastasis released lower levels of TGF-β after *ex vivo* incubation with CO+NO (Figure [9](#F9){ref-type="fig"}D). The treatment used did not affect the release of TXB~2~ from platelets (Figure [9](#F9){ref-type="fig"}E).

Direct effect of CORM-A1 and PAPA/NO on breast cancer cells *in vitro*
----------------------------------------------------------------------

No inhibitory effect of CORM-A1 and PAPA/NO on the proliferation of 4T1 and 4T1-luc2-tdTomato or MDA-MB-231 cells was observed up to the concentration of 100 µM. We evaluated the adhesion of 4T1 and MDA-MB-231 cells to fibrinogen and their migration through fibrinogen after incubation with tested compounds using various concentrations (10-100 µM). CORM-A1 or PAPA/NO used alone inhibited adhesion of both cell lines only at the concentrations of 100 µM (Figure [10](#F10){ref-type="fig"}A and [10](#F10){ref-type="fig"}B). For the combined treatment we used concentrations of compounds which did not affect cell adhesion when used alone and we observed inhibition of 4T1 cells adhesion by 50 µM of CORM-A1 combined with all PAPA/NO concentrations (Figure [10](#F10){ref-type="fig"}A). In MDA-MB-231 cells this effect was observed only when 50 µM of CORM-A1 was combined with 5 µM PAPA/NO and 10 µM of CORM-A1 was combined with 50 µM PAPA/NO (Figure [10](#F10){ref-type="fig"}B). The effect of combined incubation on 4T1 cells migration was only the result of the compounds used alone (Figure [10](#F10){ref-type="fig"}C). In the case of MDA-MB-231 cells migration we also observed inhibition at low doses, which did not affect the migration alone: 5 µM PAPA/NO with 10 µM of CORM-A1 as well as 10 µM PAPA/NO with 5 µM of CORM-A1 (Figure [10](#F10){ref-type="fig"}D).

Discussion
==========

Analysis of antimetastatic effect of the combined application of CO and NO donors observed when these compounds were used at lower dosages at a 1:1 ratio shows that at least three factors that could determine the final result can be taken into account. The first one is the influence on endothelial dysfunction. It is directly correlated with the second one, namely the effect on platelet activation developing during tumor progression. The last factor is the direct effect on tumor cells. During our studies we evaluated all of these possible mechanisms of the effects of concurrent use of CORM-A1 with DETA/NO in the antimetastatic treatment of breast cancer.

The results of our studies conducted in intravenous models of experimental lung metastasis of 4T1-luc2-tdTomato suggest a major role of proper dosage regime, namely that higher doses of CORM-A1 (3 mg/kg/24h) combined with DETA/NO (2.358 mg/kg/24h) significantly stimulated lung metastatic foci formation, whereas lower doses acted oppositely. Kramkowski et al. have shown that antiplatelet properties of CORM-A1 are concentration-dependent and doses of CORMA-1 similar to those used in our studies significantly reduced platelet aggregation [@B27]. There is also a lot of information about various effect-concentration relationships of NO action and higher concentrations of NO having a rather stronger inhibitory effect on platelet aggregation [@B39]. However, it has been already reported that NO in combination with reactive oxygen species (ROS) can exert either a protective or disrupting effect on the endothelium depending on the concentration: low concentrations protect the endothelial layer, while higher amounts of NO might induce endothelial injury as well as a loss of its barrier function [@B40],[@B41]. Therefore, the pro-metastatic action of higher concentrations of investigated compounds can be the result of the disrupting effect on the endothelium which prevails over its anti-aggregatory effect on platelets.

Additionally, when we combined the therapy using DETA/NO with clopidogrel in our previous studies, also only lower doses of DETA/NO combined with clopidogrel had an antimetastatic effect, but at higher doses adverse effects similar to those observed for a combination with CORM-A1 were not observed [@B26]. It may be explained by vasoprotective activity of clopidogrel [@B42] that protects endothelium against NO-induced injury. In order to verify this hypothesis, we have compared both experimental models (with high and low dosage of CO and NO donors) and analyzed the expression of proteins associated with the signaling pathways involved in the protection of the vascular endothelium dysfunction, namely cGMP downstream signaling molecules [@B43]. Both CO and NO are known as molecules that induce phosphorylation of vasodilator-stimulated phosphoprotein (VASP) at Ser-239 by cGMP-dependent protein kinase (PKG) [@B44]. VASP phosphorylation, among others, leads to reduced vascular inflammation [@B43]. In our studies, the lowest levels of total VASP, pVASP^Ser239^ and the lowest ratio of pVASP^Ser239^/VASP in the lung were observed in the combined treatment group, where the stimulation of metastasis was noted, which contributes to the confirmation of our assumption concerning increased endothelium damage in this group of mice.

One of the mechanisms involved in the endothelial dysfunction is the oxidative stress, and NO can inactivate antioxidative enzymes such as glutathione peroxidase [@B45],[@B46]. On the other hand, oxidative stress inactivates NO and impairs its functions e.g. endothelium-dependent vasodilation [@B47]. It can be assumed that excessive supply of exogenous NO might lead to the trap of a vicious circle, resulting in the development of diverse undesired reactions. The CO (HO-1-derived or delivered by various donors) is considered as a cytoprotective and antioxidative molecule [@B48]-[@B50]. On the other hand, HO derived CO is able to regulate blood pressure only when NOS pathway is functional [@B51]. Moreover, prolonged stimulation of cGMP by CO decreases cGMP level and guanylate cyclase activity by limiting the availability of cellular heme [@B52]. In our studies we did not observe any significant changes in the level of molecules associated with the oxidative stress including myeloperoxidase (MPO) or lipids peroxidation in combined treatment groups. However, both doses of DETA/NO, a high dose of CORM-A1 and both doses in combined treatment groups led to a decrease in nitrite plasma levels. Moreover, only in the high-dose CORM-A1 group we observed increased HO-1 expression, whereas in the high-dose combined treatment group this effect was not visible. Partial explanation of this observation may by the fact, that chronic induction of HO impaired NOS pathway [@B51] and CO is an inhibitor of NO generation by iNOS [@B13]. In addition, during the growth of 4T1 cells an impairment of NO production by pulmonary endothelium was observed [@B53] which may increase the tissue requirements for this molecule. Therefore the level of nitrite determined in plasma will not correspond quantitatively to the exogenously supplied NO.

Stojak et al. have shown that CO and NO donors used simultaneously impaired bioenergetics of both cancer and endothelial cells [@B25]. Thus, a decreased metabolic activity may affect both cancer and normal cells in the body. It can be speculated, that the decrease in nitrite plasma level, especially in DETA/NO and combined treatment groups as well as decreased VASP lung levels may result from the impaired metabolism of cells. Interestingly, we have observed decreased aspartate aminotransferase (AST) in CORM-A1 and in the higher doses combined group. Decreased metabolic activity of hepatocytes may explain this observation; previously reported inhibitory effect of CO donor (CORM-401) on glycolysis have shown irreversibility of its effect, whereas the effect of NO donor (PAPA/NO) on mitochondrial respiration was reversible [@B25]. Discussed above effects on metastatic process: deleterious effects of high-dose combined treatment regime and beneficial effects of low-dose combination are reversed when cardiac injury parameter is analyzed. Increased, as compared to healthy mice, CK-MB isoform level in 4T1 cells bearing mice was decreased by high-dose treatment and in opposite - increased by low-dose combination. Duvigneau and Kozlov in an interesting review have summarized the beneficial and deleterious effects of CO and NO on mitochondria and conclude the importance of the balance between those molecules, their elimination rate, ongoing inflammation, ROS generation as well as the presence of tissue hypoxia in the final results on the mitochondria-mediated CO and NO effects [@B54]. Further research is necessary to explain how safe it is to exogenously provide these two molecules, especially to the organism affected by the cancer-accompanied inflammatory process, so that the beneficial effects are ultimately obtained, and the harmful ones can be omitted.

As we have shown, the inflammatory response to LPS was found to be important in our intravenous model. The stimulation of metastatic process by higher doses of compounds was observed only in mice pretreated with LPS, where the endothelium dysfunction was visible as a higher ET-1 plasma concentration in LPS and tumor cells injected mice as compared to healthy ones. In mice pretreated with LPS, the ET-1 level was significantly increased 24 h after the cancer cells inoculation and it was still observed after 14 days as compared to healthy mice. This effect was not related to cancer cells itself: it was not observed in mice not pretreated with LPS. ET-1 is the molecule whose level increased during endothelial dysfunction and can be used as a marker of this process [@B55]. The lowest level of ET-1 in mice treated with lower doses of CO+NO donors correlated with the lowest number of lung metastases. On the other hand, it was not correlated with platelets activation status. Both compounds used concurrently were able to significantly diminish P-selectin positive platelets percentage only in mice not pretreated with LPS. 4T1 mammary gland cancer progression is accompanied by an extensive inflammatory process [@B30], therefore the use of LPS as the inducer of inflammation and endothelial dysfunction [@B31],[@B56] was dictated by the necessity to recreate some of the conditions prevailing in an organism with this type of cancer. On the other hand, we were able to omit the impact of therapy used on the primary tumor and indicate the importance of the combined treatment\'s influence on the endothelium. Therefore, we can conclude that in the intravenous model of lung metastasis, inhibition of endothelial dysfunction is the mechanism responsible for antimetastatic action of CORM-A1 combined with DETA/NO.

Orthotopic tumor models are more relevant models allowing us to follow almost all steps of tumor progression and metastasis [@B57]. Therefore, in our research we transplanted 4T1 mammary gland cancer cells orthotopically and mice were observed 14, 21 and 28 days after tumor cells inoculation. Mice were treated with lower doses of compounds, selected on the basis of the studies using the intravenous model. However, we could observe only transient (on day 21) antimetastatic effect of combined treatment, which disappeared on day 28. Tumor growth was not changed during treatment as compared to non-treated mice. However, wash-in rate parameter, which indicates how fast maximal concentration of contrast agent in tumor tissue is achieved, increased in all treated groups. On the other hand, wash-in perfusion index - related to blood flow was increased only in mice treated with both agents alone. Combined treatment with CO and NO donors seems not to affect blood flow significantly, despite decreased VEGF plasma level on day 14 in combined treatment group. VEGF is the most important proangiogenic molecule, whose treatment-induced reduction may lead to blood vessel normalization and consequently to improved drug delivery to the tumor tissue [@B58]. However, although the VEGF plasma level diminished as the effect of combined treatment, we did not observe any effects on VEGF level in tumor tissue.

TGF-β is another molecule that is known to affect tumor angiogenesis [@B59],[@B60]. Tumor tissue level of TGF-β was significantly diminished in mice from all treated groups, whereas its plasma level was significantly increased by CORM-A1 on day 21 which was attenuated by DETA/NO in the combined treatment group. Decrease of TGF-β level in tumor tissue may be the reason of decreased epithelial to mesenchymal transition (EMT) process observed in tumor tissue of mice treated with both compounds combined, as TGF-β is one of the most important molecules involved in EMT process [@B61]. EMT is one of the first steps of metastatic progression of tumor cells [@B62] and its significant inhibition, especially on day 21 may be responsible for decreased metastatic potential of 4T1 tumor cells. Platelets are a major source of TGF-β also within the tumor tissue. Platelets affected by CORM-A1 and DETA/NO may indirectly change the progression of EMT. Our *ex vivo* studies analyzing the aggregation of platelets from healthy donors or breast cancer patients showed some improvement of antiaggregatory effect of DETA/NO or PAPA/NO by CORM-A1. Moreover, platelets from breast cancer patients with disseminated disease incubated with CORM-A1 combined with PAPA/NO released the lowest TGF-β level. Unfortunately, we did not observe improvement of TGF-β diminishing by combined treatment in 4T1 tumor tissue, probably due to the fact that platelets are not the only source of this molecule. Cancer cells themselves, cancer associated fibroblasts, and various inflammatory response cells are the source of TGF-β [@B63],[@B64] and not all of them may be modulated by the therapy used in our studies. Additionally, the agents used together may affect EMT process by direct influence on tumor cells. This effect was suggested by the results of *in vitro* studies, where both compounds decreased adhesion and migration properties of 4T1 as well as MDA-MB-231 cells. The recent studies by Stojak et al. support these conclusions, showing that the CO donor used together with the NO donor inhibits breast cancer cells transmigration through endothelial cells *in vitro* [@B25]. Moreover, improved motility is a characteristic feature of cancer cells that underwent EMT process [@B62].

As we have shown in intravenous model, CORM-A1 combined with DETA/NO diminished ET-1 plasma level indicating the endothelium as the target of the combined treatment used. A similar effect was observed temporarily in orthotopic model: diminishing of ET-1 level was observed only on day 14 and 21, and then the effect on ET-1 or on metastasis was not observed. Also other molecules informing about endothelial activation, like sICAM and sE-selectin [@B9],[@B65] were diminished in the beginning of tumor progression. However, we observed a significant elevation of sICAM and sVCAM plasma level in mice treated with CORM-A1 combined with DETA/NO on the last day of observation, which was accompanied by the lack of influence on metastases. Moreover, VCAM positive endothelial cells in the aorta were diminished significantly only in mice treated with donors used alone. NO was previously reported to limit endothelium activation through diminution of VCAM [@B66]; Stanford et al. reported that CO-releasing molecule can succesfully inhibit ET-1 production in human pulmonary arteria [@B67]. Moreover, Kaczara et al. have recently shown that CO-RMs increased the production of NO by eNOS in endothelial cells [@B24]. Paradoxically, gaseous CO rapidly enhanced mitochondria activity of cancer cells that resulted in metabolic exhaustion and cellular collapse causing tumor regression. Furthermore, CO increased cancer cell sensitivity to chemotherapeutics, simultaneously protecting normal cell growth and viability [@B68]. However, CORM-A1 used alone in our studies did not significantly influence eNOS expression in the aorta endothelium. Only NO-donor alone or combined with CORM-A1 significantly upregulated eNOS expression. These data suggest that it is exogenous NO and not CO that regulates eNOS expression. Yuhanna et al. showed that exogenous NO is able to directly modulate eNOS expression [@B69]. Thus, exogenous NO is able both to compensate the lack of endogenous NO and to stimulate its production by elevating eNOS expression. This effect may support protective effects of combined treatment on the endothelium in mice bearing 4T1 mammary gland cancer at earlier stages of tumor progression, because it was reported that development of endothelium dysfunction in this tumor model is accompanied by impaired NO production [@B70].

Also, the action of both compounds on platelet activation changed during tumor progression. On day 14 in the combined treatment group we observed diminished bound of fibrinogen and vWf on platelets, whereas on day 28 all measured parameters of platelet activation significantly increased. This increased platelets activation is directly related to the effects of the treatment on endothelium. It is recognized, that endothelium dysfunction lead to platelet activation manifested, e.g. by an increased binding of vWF and fibrinogen to platelets [@B71]. Although we have observed described above signs of endothelium activation on 28 day of experiment, we have also noticed significantly increased phosphorylation of VASP, measured as a ratio of pVASP^Ser239^ to total VASP, synergistically induced by combined treatment. However, the importance of this valuable process for the protection of the vascular endothelium induced by CO and NO is reduced by the observed significant decrease in the overall level of VASP in this group. Interestingly, in the model of experimental metastases higher doses of compounds used also diminished total VASP level. It can therefore be concluded that both long-term and high doses of CORM-A1 together with DETA/NO exposure leads to the reduction in the total VASP level. Recent studies by Zhikui et al. have shown, that VASP overexpression in cancer cells leads to an increased invasive potential and motility [@B72]. These decreasing effects of CORM-A1 and DETA/NO combined treatments on VASP level in aorta or lung tissue (with present metastatic foci) may occurs also in tumor tissue and contribute to antimetastatic effects (including EMT inhibition [@B72]) observed in early step of tumor progression.

To sum up, the applied therapy has shown antimetastatic action preferably at the early stages of tumor dissemination i.e.: it inhibited both EMT and tumor cell migration in fibronectin. This is also confirmed by the results of *in vivo* studies which showed stronger inhibitory effect of the applied therapy on the platelet activation and endothelial dysfunction at the earlier stages of cancer progression and a weaker or opposite effect of the compounds at the last time points (Scheme [2](#SC2){ref-type="fig"}).

Therefore, the investigated treatment could be applied to prolong the time period over which primary tumor does not metastasize, or to inhibit metastasis formation at the early stages of this process. Although it is less effective at advanced stages of cancer development, this effectiveness may be sufficient when used in combination with standard treatment strategies. However, to define the safety of CO and NO exogenous delivery, especially when cancer progression is accompanied by inflammation, further studies are necessary.
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![**The course of *in vivo* experiments.** (A) Experimental models of metastasis. Colored circles indicate schedules of every single experiment. Single doses of compounds are indicated. T0 means the time of tumor cells inoculation. (B) Orthotopic model of spontaneous metastasis. Single doses of compounds in orthotopic model are as marked by yellow circle in Scheme A legend.](thnov09p3918g001){#SC1}

![**The effect of CORM-A1 and DETA/NO in the experimental models of metastasis of 4T1-luc2-tdTomato cells.** (A) Experiment schedules. Single doses of donors are indicated (CORM-A1 every 12h, DETA/NO every 24h). Colored circles correspond to indications in Scheme [1](#SC1){ref-type="fig"}A. (B) Number of lung metastatic foci or fluorescence intensity of the lung (last column). (C) Endothelin 1 (ET-1) plasma level. (D) CD42b and (E) P-selectin positive platelets assessed by flow cytometry. Data presented as mean with standard deviation with points for individual measurements. Number of mice: 5-10 per group, some analyses were performed on randomly selected mice within the group. Healthy mice used as a control: 4-5. Statistical analysis: (B) Sidak\'s, (C) Dunnett\'s, (D) and (E) Dunn\'s multiple comparison tests. \**p*\< 0.05 as compared to control or as indicated.](thnov09p3918g002){#F1}

![**The impact of CORM-A1 and DETA/NO on protein levels in lung tissue in the experimental models of metastasis of 4T1-luc2-tdTomato cells.** (A) Total VASP, (B) pVASP^Ser239^, (F) PKG-1α and (G) HO-1 densitometric analysis (mean optical density of bands of protein tested to β-actin) and representative blots (D), (E), (H), and (I) respectively. (C) Calculated pVASP^Ser239^/VASP ratio. "L" means lower dose of CORM-A1 and DETA/NO (0.5 mg/kg/12h and 1.57 mg/kg/24h, respectively; treatment schedule indicated by yellow circle in Scheme [1](#SC1){ref-type="fig"}A and Figure [1](#F1){ref-type="fig"}A). "H" means higher dose of CORM-A1 and DETA/NO (1.5 mg/kg/12h and 2.358 mg/kg/24h, respectively; treatment schedule indicated by green circle in Scheme [1](#SC1){ref-type="fig"}A and Figure [1](#F1){ref-type="fig"}A). Data presented as mean with standard deviation with points for individual measurements. Number of mice: 4-5 per group. Healthy mice used as a control: 5. Statistical analysis: Dunnett\'s multiple comparison tests. \**p*\< 0.05 as compared to control or as indicated.](thnov09p3918g003){#F2}

![**The impact of CORM-A1 and DETA/NO on blood biochemical parameters in the experimental models of metastasis of 4T1-luc2-tdTomato cells.** (A) Nitrite, (B) carboxyhemoglobin (COHb), (C) Alanine aminotransferase (ALT), (D) aspartate aminotransferase (AST), (E) creatinine (CRE2), (F) urea (URE), (G) creatinine kinase (CK) and (H) creatinine kinase MB isoform (CK-MB) plasma level. "L" means lower dose of CORM-A1 and DETA/NO (0.5 mg/kg/12h and 1.57 mg/kg/24h, respectively; treatment schedule indicated by yellow circle in Scheme [1](#SC1){ref-type="fig"}A and Figure [1](#F1){ref-type="fig"}A). "H" means higher dose of CORM-A1 and DETA/NO (1.5 mg/kg/12h and 2.358 mg/kg/24h, respectively; treatment schedule indicated by green circle in Scheme [1](#SC1){ref-type="fig"}A and Figure [1](#F1){ref-type="fig"}A). Data presented as mean with standard deviation with points for individual measurements. Number of mice: 4-5 per group. Statistical analysis: Sidak\'s multiple comparison tests. \**p*\< 0.05 as compared to control or as indicated.](thnov09p3918g004){#F3}

![**Antimetastatic effect of CORM-A1 combined with DETA/NO in orthotopic model of mouse mammary gland cancer 4T1.** (A) Number of lung metastatic foci counted on day 21 and 28. (B) Tumor blood flow analysis: Wash-in rate (WIR, maximum slope) = peak enhancement/rise time, indicated how fast peak enhancement is achieved. Wash-in perfusion index (WIPI) = Area Under the Curve (WIAUC)/rise time and is representative of blood flow. Peak enhancement is calculated as a difference between the peak and the baseline. (C) Representative images of WIR. (D) VEGF concentration in mice plasma. (E) Tumor tissue level of endothelin-1 (ET-1), COX-2 and TGF-β estimated by ELISA. Mice were inoculated with 4T1 cells into fat pad and 7 days later, when tumors were palpable, the i.p. administration of CORM-A1 (0.5 mg/kg, every 12 h) and DETA/NO (1.57 mg/kg, every 24 h) started. Data presented as mean with standard deviation with points for individual measurements. Number of mice: 8-11 per group, some analyses were performed on randomly selected mice within the group. Number of healthy mice used as a control: 5. Statistical analysis: (A) Dunn\'s, (B) Dunnett\'s, (D) and (E) Sidak\'s multiple comparison tests. \**p*\< 0.05 as compared to control or as indicated.](thnov09p3918g005){#F4}

![**Plasma level of selected molecules involved in endothelium dysfunction and platelets activation.** Measured by ELISA kits: (A) Endothelin-1, (B) prostacyclin metabolite (C) TGF-β, (D) VCAM, (E) ICAM, (F) E-selectin, (G) TXB~2~, (H) P-selectin, (I) vWf. Mice were inoculated with 4T1 cells into fat pad and 7 days later, when tumors were palpable, the i.p. administration of CORM-A1 (0.5 mg/kg, every 12 h) and DETA/NO (1.570 mg/kg, every 24h) started. Data presented as mean with standard deviation with points for individual measurements. Number of mice: 8-11 per group, some analyses were performed on randomly selected mice within the group. Number of healthy mice used as a control: 4-5. Statistical analysis: Dunnett\'s multiple comparison test. \**p*\< 0.05 as compared to control or as indicated.](thnov09p3918g006){#F5}

![**CORM-A1 and DETA/NO combination therapy effect on total and phosphorylated VASP protein level in aorta from mice bearing 4T1 orthotopic tumors.** (A) Total VASP, (B) pVASP^Ser239^, (F) PKG-1α and (G) HO-1 densitometric analysis (mean optical density of bands of protein tested to β-actin) and representative blots (D), (E), (H), and (I) respectively. (C) Calculated pVASP^Ser239^/VASP ratio. Mice were inoculated with 4T1 cells into fat pad and 7 days later, when tumors were palpable, the i.p. administration of CORM-A1 (0.5 mg/kg, every 12 h) and DETA/NO (1.570 mg/kg, every 24h) started. Tissues collected on day 28 of experiment. Data are presented as mean ±SD with individual measurements depicted. Number of samples analyzed: 3 per group. Statistical analysis: Dunnett\'s multiple comparison tests. \**p*\< 0.05 as compared to control or as indicated.](thnov09p3918g007){#F6}

![**Epithelial to mesenchymal transition markers in 4T1 tumor tissue.** (A) E-cadherin, (C) N-cadherin, (F) α-SMA densitometric analysis (mean optical density of bands of protein tested to β-actin) and representative blots (B), (D), (G), respectively. (E) Calculated E:N-cadherin ratio. Mice were inoculated with 4T1 cells into fat pad and 7 days later, when tumors were palpable, the i.p. administration of CORM-A1 (0.5 mg/kg, every 12 h) and DETA/NO (1.570 mg/kg, every 24h) started. Data presented as mean with standard deviation with points for individual measurements. Analyses were performed on tumors from randomly selected four mice within the group. Statistical analysis: Dunnett\'s multiple comparison test. \**p*\<0.05 as indicated.](thnov09p3918g008){#F7}

![**Platelets activation markers in mice bearing 4T1 tumors transplanted orthotopically and treated with CORM-A1 combined with DETA/NO.** Flow cytometry analysis was performed on resting platelets collected on day 14, 21 and 28. Platelets were gated using DyLight649-labeled anti-mouse CD41/61 antibody. The following antibodies were used to assess platelets activation status: (A) PE-labeled anti-mouse GPIbα (CD42b), (B) FITC-labeled anti-mouse fibrinogen, (C) FITC-labeled anti-mouse vWf, (D) PE-labeled anti-mouse P-selectin (CD62P), (E) PE-labeled anti-mouse GPIIIbIIa (CD41/61) JON/A. (F) Number of platelets. (G) Representative dot-plots of analyses performed in control mice and mice treated with a combination of CORM-A1 and DETA/NO. Data presented as mean with standard deviation with points for individual measurements. Analyses were performed on blood from randomly selected 4-5 mice within the group. Statistical analysis: Dunnett\'s multiple comparison test. \**p*\< 0.05 as compared to control or as indicated.](thnov09p3918g009){#F8}

![**Effect of CORM-A1 combined with DETA/NO or PAPA/NO on platelets obtained from breast cancer patients and healthy donors*ex vivo*.** (A) Platelet aggregation after the use of CORM-A1 and DETA/NO, (B) representative curves of platelet aggregation, (C) platelet aggregation after the use of CORM/A1 and PAPA/NO. CORM-A1 and DETA/NO or PAPA/NO were added to the PRP samples at the concentration of 100 µM for 15 min, next aggregation was induced with collagen (1 µg/ml). Number of patients: 27 without metastasis, 13 with lymph node metastasis (LN metastasis), 8 with distant metastasis (disseminated disease) and 14 healthy donors. (D) TGF-β and (E) TXB~2~ release from platelets treated *ex vivo* with CORM-A1 and PAPA/NO. Seven samples from patients with distant metastasis and metastasis in lymph nodes and six from healthy donors were analyzed. PRP was incubated with 100 µM of CORM-A1 and PAPA/NO and their combination for 15 min. Then, samples were centrifuged to obtain PPP in which the quantitative evaluation of TGF-β and TXB~2~ by ELISA test was performed. Data presented as mean with standard deviation with points for individual measurements. Statistical analysis: Dunn\'s multiple comparison test. \**p*\< 0.05 as compared to control or as indicated.](thnov09p3918g010){#F9}

![***In vitro* adhesion and migration of 4T1 and MDA-MB-231 cells incubated with CORM-A1 and PAPA/NO.** Adhesion to fibrinogen of (A) 4T1 and (B) MDA-MB-231 cells. Migration through fibrinogen coated wells of (C) 4T1 and (D) MDA-MB-231 cells. Data presented as mean with standard deviation. First column: CORM-A1; Second column: PAPA/NO; Third column: CORM-A1 combined with PAPA/NO. Percent of migration in relation to non-treated control cells is shown. Experiments were repeated three times. Statistical analysis: Dunn\'s multiple comparison test. \**p*\< 0.05 as compared to control.](thnov09p3918g011){#F10}

![**Mechanism of antimetastatic action of CORM-A1 + DETA/NO combined therapy.** In the diagram, the upper arrow (I) indicates early stages of progression of 4T1 mammary gland cancer, the lower arrow (II) shows a later stage (after day 21). The descriptions in the bottom panel refer to the changes observed at earlier stages of cancer progression under the influence of combined therapy using CO and NO donors.](thnov09p3918g012){#SC2}

[^1]: Competing Interests: The authors have declared that no competing interest exists.
